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I. INTRODUCTION
Attosecond science and technology have opened up a fascinating research area of electronic dynamics in atoms, molecules, and condensed matters. π electrons in aromatic molecules are mobile and highly reactive, and they are subjected to large responses to external electric fields. This means that they have potential usefulness for organic nanoelectronics and optoelectronics. 23, 24 There have been theoretical studies on generation of ring currents or control of π -electron motions in aromatic ring molecules using ultrafast UV pulsed lasers. [25] [26] [27] [28] [29] [30] [31] [32] Planar molecules with a single aromatic ring such as Mg porphyrin, [25] [26] [27] benzene, 28 and 2,5-dichloro[n](3,6) pyrazinophane [29] [30] [31] [32] were target molecules. Mg porphyrin with a) Author to whom correspondence should be addressed. Electronic mail: fujimurayuichi@m.tohoku.ac.jp.
D 4h symmetry and benzene with D 6h symmetry can be rotated along each aromatic ring by using circularly polarized UV laser pulses. Here, a degenerate singlet excited state was excited. The direction of π -electron rotations, clockwise or counterclockwise, can be determined by applying right or left circularly polarized laser pulses, and the resultant ring current is unidirectional and decays with a damping constant after the pulse has been switched off. For 2,5-dichloro[n] (3, 6) pyrazinophane, which is a chiral molecule with planar chirality, a linearly polarized UV laser pulse was used to create π -electron rotations along the ring since the aromatic ring, pyrazine, has no degenerate electronic states. 29 The initial rotational direction is determined by adjusting the photon polarization direction of laser pulses to in-phase or outof-phase superposition of the quasi-degenerate two excited states: clockwise rotation is induced by in-phase superposition, while counterclockwise rotation is induced by outof-phase superposition. 29 The angular momentum created is transient and should be referred to as a coherent angular momentum, and the corresponding ring current is also referred to as a coherent ring current. These coherent quantities dephase with a dephasing constant, which mainly originates from an elastic interaction between π electrons and vibrational motions. 31 Recently, Mineo et al. 33 proposed an efficient method for multi-dimensional quantum switching of π -electron rotations in (P)-2,2 -biphenol. This is a typical nonplanar chiral aromatic molecule of axial chirality, which has two aromatic rings (called L and R rings hereafter) linked by the C-C single (bridge) bond. For π electrons in (P)-2,2 -biphenol, there are four possible rotational patterns (CC, AA, CA, and AC), where C and A refer to clockwise and anticlockwise rotations, respectively, and the first and second letters in each pattern refer to the left (L) and right (R) phenol rings, respectively. When a pair of quasi-degenerate π -electronic excited states is coherently excited by ultrashort linearly polarized UV pulses, the generated angular momentum (ring current) on each aromatic ring is also correlated. Because of the nonplanar geometrical structure of (P)-2,2 -biphenol, the resultant timedependent coherent angular momentum is two-dimensional. The directions of these quantities depend on the symmetry of the coherent state and the relative phase of the pair of quasidegenerate states.
In order to design functioning of organic electronics or optoelectronics, it is essential to quantitatively evaluate magnitudes of angular momentum and ring currents in addition to evaluation of their directions. Many studies on calculations of ring currents in molecules have been performed for interpretation of magnetic properties of conjugated molecular systems. 34, 35 Here, systems of interest were with the closedshell ground state, and current densities were calculated by the first-order perturbation theory. Ring currents of aromatic molecules induced by intense UV laser pulses, on the other hand, are directly concerned with electronic excited states and treatments beyond the first-order perturbation theory are required. In this paper, we present a fundamental theory for quantitative treatment of the coherent electron dynamics of a nonlinear aromatic ring molecule and application of the theory to (P)-2,2 -biphenol. In a previous paper, 33 an essential description of quantum switching of electron rotations in (P)-2,2 -biphenol was given.
In Sec. II, we derive an expression for coherent π -electron angular momentum and that of the ring current. Equations of motion for π electrons are solved by using the density matrix method. Here, dephasing constants are derived within the Markov approximation. [36] [37] [38] An analytical expression for the bond current between two nearest neighboring carbon atoms as well as that of the bridge bond is derived. The ring current in each phenol ring is defined as averaging of the bond currents. In Sec. III, an application of the theory to (P)-2,2 -biphenol, which is induced by an ultrashort linearly polarized UV pulse, is presented within a three-excited state model. Quantum beats of coherent angular momentum and ring current of the whole molecule are evaluated as well as those of the two phenol rings using the TD-DFT results. Magnitudes of the coherent ring current-induced magnetic field were calculated to discuss the magnetic property for a control device. The summary and conclusion of this paper are given in Sec. IV.
II. COHERENT π-ELECTRON ANGULAR MOMENTUM AND CURRENT

A. Equations of motion for π electrons in a pulsed laser field
Expectation values of the electric angular momentum and current operators of an aromatic molecule excited by visible or UV light are generally expressed as
(1) Here,Ô( r 1 ) is a one-electron operator for the angular momentum or current, (t) is an electronic wave function at time t, n is the number of electrons, and r i denotes the electron coordinates of the ith electron. Since we are interested in optically allowed electronic excited states of conjugated aromatic molecules, we expand the electronic wave function in terms of electronic configurations, the ground electronic 0 , and singly excited electronic ones α as
where 0 is given
Here, φ a and φ b are among the n occupied orbitals, and α is the electronic wave function for a singly excited electronic configuration α: a → a , i.e., single electron transition from occupied MO a to unoccupied MO a , α ( r 1 , . . . , r n ) = φ 1 · · · φ a · · · φ n .
Time-dependent behaviors of electronic dynamics induced by a pulsed laser field, E(t), can be directly obtained by solving the coupled equations of motion of the electronicstate density matrix element, ρ αβ (t), with the initial conditions ρ 00 (0) = 1 and ρ αα (0) = 0 for α = 0;ρ αβ (0) = 0 for α = β,
Here, the density matrix element, ρ αβ (t), is defined as ρ αβ (t) ≡ C α (t)C * β (t), andV (t) αγ denotes the coupling between states α and γ through the molecule-field interaction, V (t) = − μ · E(t), where μ is the transition dipole moment operator, ω βα is the angular frequency difference between two electronic states α and β, and γ αβ (= 1 2
αβ ) is the dephasing constant in Markov approximation. 39 Here, γ α (γ β ) is the nonradiative transition rate constant of state α (β), and γ (d) αβ is the pure dephasing constant that is induced by elastic interactions between the molecule of interest and heat baths.
Nonradiative transitions are induced by breakdown of the Born-Oppenheimer approximation in isolated systems. 40, 41 Nonradiative transition rate constants depend on vibronic states and their time scales vary from picoseconds to femtoseconds. [42] [43] [44] Femtosecond time-resolved pump-probe experiments, such as experiments using femtosecond timeresolved photoelectron imaging spectroscopy, 45 are used to directly detect ultrafast nonradiative transition rate constants in higher excited states of aromatic molecules. In this paper, the nuclear-frozen approximation was adopted and the magnitudes of dephasing constants adopted are specified in the figure legends.
B. Coherent electric angular momentum
Since we are interested in coherent behaviours of optically active nearly degenerated π -electronic exited states in the visible or UV region of a chiral aromatic ring molecule, we evaluate Eq. (1) in terms of singly excited configurations as
where O αβ ( r 1 ) = α |Ô( r 1 )| β . In Eq. (4), the coherence between the ground state and a singly excited state configuration is omitted because the coherence time is short compared with that between singly excited configurations, and only the coherence between singly excited state configurations is taken into account. Our formulation of coherent electric angular momentum is based on treatment within a linear combination of atomic orbitals-molecular orbitals (LCAO MO) approximation.
A π orbital φ k associated with optical transition is expanded in terms of a linear combination of atomic orbitals χ i as
where i specifies the atomic orbital and c k, i is the molecular orbital coefficient. Equation (4) can be rewritten in terms of Eq. (5) as
Here, it should be noted that the time evolution of the expectation value is expressed by the off-diagonal density matrix element. Suffixes (a, a ) and (b, b ) depend on electronic configurations α and β, respectively. Let us consider a space-fixed chiral aromatic molecule with two aromatic rings connected with a single bond. The total electron angular momentum operator can be expressed as the sum of the angular momentum operator of each aromatic ring, which is defined asÔ( r) = l zL + l zR , where
Here, L and R denote the ring on the left-hand side and that on the right-hand side, respectively. Coordinates x K and y K are defined on ring K and n K is the unit vector perpendicular to the ring. The expectation value of the angular momentum operator is given, for example, in terms of a 2p z carbon AOs as
where
Here, a 2 is a constant related to the orbital exponent of the 2p z atomic orbital and r ij is the distance between i and j carbon atom sites. It should be noted in Eq. (8) that the laser intensity dependence in the electron angular momentum is involved in the imaginary part of the off-diagonal density matrices, Imρ βα (t). A brief derivation of Eq. (8) is presented in Appendix A.
C. Coherent ring current
An electric current passing through a surface S at time t is generally defined as
Here, n ⊥ is a unit vector perpendicular to a surface S and Ĵ ( r, t) ≡ (t)|Ĵ ( r)| (t) . This can be expressed as
whereĴ ( r) = Here, ∇( ← ∇) denotes the nabra operating the atomic orbital on the right-hand (left-hand) side. Surface integration in Eq. (9) is carried out over a half-plane S.
Since the L and R rings are not round but consist of nonequivalent C-C bonds, we introduce the bond current J(t) ij from the nearest neighbor atoms at sites j to i, which is given in terms of inter-atomic bond current (IABC) J 
Here, surface S is set to be perpendicular to the C i and C j bond at the center, and n ij =
Equation (12) . (13) Here, θ = π for the bond current of the chemical bond belonging to one of the two aromatic rings, L or R, while θ = θ d for the bridge bond current of bond C i −C j with a dihedral angle between the two rings θ d . C i (C j ) refers to the bridge carbon belonging to the R (L) ring. A brief derivation of Eq. (13) is shown in Appendix A. We now define an effective ring current along ring K, J(t) K , by taking the average over all of the bond currents as
where N K is the number of bonds of ring K.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the structure of (P)-2,2 -biphenol and the directions of transition dipole moments associated with the electron dynamics of interest. In this paper, (P)-2,2 -biphenol was assumed to be fixed on a surface by a nonconjugated chemical bond or in a space by laser molecular orientation techniques. 46 The laboratory-fixed Y-axis is set to be parallel to the single bond bridging the two phenol groups, and the rotation axis of point group C 2 is placed along the laboratory-fixed Z-axis parallel to the surface normal. The geometry of (P)-2,2 -biphenol in the ground state was optimized by using the DFT B3LYP level of theory in the GAUSSIAN09 program. 47 The 6-31G+(d,p) basis sets were used throughout our calculations. The dihedral angle between the two phenol groups, θ d , was found to be 108.9
• from our DFT calculations. 33 The calculated geometrical structures were given in Ref. 33 .
For generation of coherent angular momentum and ring current of (P)-2,2 -biphenol, we focus on the three optically allowed excited states (a, b 1 , and b 2 ) whose energies range from 6.67 to 6.84 eV as shown in Fig. 1(b) . The transition energies to the a, b 1 , and b 2 states, which were calculated at the optimized ground state geometry using the TD-DFT B3LYP level of theory 33 are 6.67, 6.78, and 6.84 eV, respectively. For comparison, the corresponding transition energies calculated with the ab initio CIS/6-31G+(d,p) level of theory were 7.32, 7.35, and 7.45 eV, respectively. Here, the optimized ground state geometry obtained by using the TD-DFT B3LYP level of theory was adopted. The electronic states a, b 1 , and b 2 have the same ordering between the TD-DFT and ab initio CIS MO methods, although there are considerable deviations in the transition energies.
It is well recognized that TD-DFT is the most widely applied tool for modeling the electronic spectra of organic and inorganic molecules, although TD-DFT poorly estimates transition frequencies to excited states having a double excited character or a significant charge-transfer nature. 48 For valence transitions, functionals, B3LYP, PBE, and CAM-3LYP provide similar mean absolute deviations. 48 The three optically allowed excited states associated with the present laser-induced electron dynamics have one-electronic excitation configurations since they basically consist of optically allowed ππ * excited states of two phenol rings. These facts indicate the validity of use of TD-DFT B3LYP level of theory in this paper. Experimental values for energy differences between these two electronic states are directly reflected in the frequencies that appear in the quantum beats in time-resolved photoelectron spectroscopy or coherent angular momentum or ring current proposed in this paper.
The main electronic configuration of state a, a , is a one-electron excitation configuration from the 46th to 52nd MOs, which is expressed as 46→52 . Similarly, those of the two states b 1 and b 2 are expressed as 46→53 and 46→51 , respectively. The phase of each MO is schematically shown in Fig. 2 . Both the 46th and 52nd MOs belong to the totally symmetric irreducible representation A in the C 2 point group, and 46→52 belongs to A representation. Both 46→53 and 46→51 belong to the antisymmetric irreducible representation B. The transition dipole moment from the ground state to excited state a (A), μ ga (= (0, 0, −0.77)), is parallel to the Zaxis, and the others, μ gb1 (= (0.08, 1.93, 0)) and μ gb2 (= (1.24, −0.34, 0)), are nearly orthogonal to each other in the XY-plane as shown in Fig. 1(a) . 33 
A. Generation of two-state electronic coherence by linearly polarized UV pulses
Preparation of electronic coherence with a definite relative phase between two electronic states, a and b, i.e., in-phase (a + b) or out-of-phase (a − b), is essential in order to generate coherent angular momentum and electric current in aromatic ring molecules without degenerate electronic states. This is because a coherent state is a nonstationary state expressed in terms of the eigenstates of π -electron angular momentum and therefore a ring current can be transiently created. The method for preparation of electronic coherence by a linearly polarized laser pulse has already been described in Ref. 33 . There exist three types of two-electronic coherent states in the present three-excited state model, which can be represented as ( − b 2 ) ). Each electronic coherence at the initial time can be generated by applying a linearly polarized UV laser pulse with a properly selected polarization direction. Because of the nonplanar geometrical structure, the angular momentum is two-dimensional and the ring current is on two different surfaces, depending on the symmetry of the coherent state prepared by the laser pulse: Z-directional angular momentum is generated for the created coherent state with A symmetry and corresponding ring current is generated on the Z-directional angular momentum, while X-directional angular momentum is generated for the coherent state with B symmetry and ring current is generated on the X-directional angular momentum.
A two-state electronic coherence can be generated even in a three-excited state system in which a third excited state is located between the two excited states if two conditions for the applied linearly polarized laser pulse are satisfied. For example, for (a ± b 2 ) electronic coherence, the condition for a linearly polarized laser pulse with polarization vector e ± is given as μ ga • e ± = ± μ gb2 • e ± and μ gb1 • e ± = 0,
or, equivalently,
Thus, even laser pulse overlaps with an a, b 1 , and b 2 , (a + b 2 ) or (a − b 2 ) electronic coherent state can be selectively generated. A brief derivation of Eqs. (15) is given in Appendix C. b 2 ) electronic coherence, angular momentum along the Z-axis is generated, while for both (a + b 1 ) and (a + b 2 ) electronic coherences, angular momenta along the X-axis are generated with π -phase shift. Similarly, for out-of phase electronic coherences, (b 1 − b 2 ), (a − b 1 ), and (a − b 2 ), each angular momentum can be expressed by that for the corresponding in-phase coherence with π -phase shift. The simple sinusoidal time-dependence originates from creation of two-electronic state coherence, the oscillation period of which corresponds to the frequency difference between the two states. This should be called angular momentum quantum beats, similar to fluorescence quantum beats originating from vibronic coherence in fluorescence. 49 However, it should be noted that in angular momentum quantum beats, π electrons rotate in a unidirectional way a few times within the half cycle of the oscillation. The unidirectional π -electron rotation can produce unidirectional ring current and currentinduced magnetic flux. In principle, this makes it possible to design ultrafast switching devices made from organic ring molecules.
B. Angular momentum quantum beats
The angular momenta, l Z (t) and l X (t), shown in Fig. 3 are calculated from the summation of the electric angular momenta generated in the two aromatic rings l L (t) and l R (t) by using the relation
with l L (t) = − l R (t). Here, dephasing constants, γ ab 1 = γ ab 2 = γ b 1 b 2 = 0.01 eV, were adopted. Table I shows these angular momenta of (P)-2,2 -biphenol with θ d = 108.9
• at the maximum electronic coherence time, t = t * , i.e., the magnitude of the imaginary part of the corresponding density matrix element has the maximum, Imρ αβ (t
. Here, dephasing effects were omitted. This results in l X (t * ) > 0 or l X (t * ) < 0 for the (a + b 1 ) and (a + b 2 ) electronic coherences and in l Z (t * ) < 0 for the (b 1 + b 2 ) electronic coherence. 
• ) between the two phenol rings. 
C. Bond currents and time evolution of coherent ring current
The magnitudes of bond current, J ij , which is calculated at the maximum coherence time, are summarized in Fig. 4 together with the initial direction of the bond currents for three types of electronic coherence. The arrow along each bond of (P)-2,2 -biphenol in Fig. 4 denotes the initial direction of the bond current. Magnitudes of the averaged ring current at the maximum coherence time are an order of tens of μA, that is,J = 161, 86.5, and 63.4 μA for (b 1 + b 2 ), (a + b 1 ), and (a + b 2 ) coherences, respectively.
If the phenol ring is assumed to be a ring with radius r and magnitude of the angular momentum l = rp with linear momentum of electron, p, is given, the ring current J can be estimated by using the relation 2πrJ = , and (a + b 2 ) coherences, respectively. The magnitude of each ring current is large compared with that of the corresponding averaged one. The difference in the magnitudes between the two cases mainly originates from the fact that phenol ring has a functional OH group.
Barth et al. reported an electronic current of 84.5 μA for Mg-porphyrin by applying a circularly polarized UV intense laser pulse to yield population inversion. 26 It is interesting that (P)-2,2 -biphenol and Mg-porphyrin have the same order of ring current values, though they have different numbers of electrons and different radii of their rotation. b1 + b2) 
FIG. 4. Bond currents J ij
for the three types of electronic coherence at t = t * when the maximum coherence is created, i.e., Imρ b2,b1 (t * ) = −1/2, Imρ b1,a (t * ) = −1/2, or Imρ b2,a (t * ) = −1/2.J denotes the averaged ring current given by Eq. (14) . The blue arrows above C-C bonds denote the initial direction of the currents. Dephasing effects were omitted. Note that the bridge current J 1,7 = 0 for (b 1 + b 2 ) electronic coherence, while J 1,7 = 0 for the other two (a + b 1 ) and (a + b 2 ) electronic coherences. The same magnitudes of pulses as those in Fig. 3 were used.
It should be noted that the definition of ring current depends on the choice of half-plane S in the present treatment. For an extreme choice, the half plane is set at each carbon nuclei of the aromatic rings. For such S, the inter- 
IABC(S at site) ij
denote the inter-atomic bond current obtained by integration over the half plane of surface S perpendicular to the chemical bond at the center and that at the carbon bond site, respectively. A general case of the inter-atomic bond current in which S is set at a position between bond C i -C j is considered in Appendix B as well. Figure 5 shows the inter-atomic bond current J . This indicates that the magnitudes of the inter-atomic bond current calculated at the center are approximately overestimated by 25%. Figure 6 shows the time evolution of the ring currents, J R (t) and J L (t), which are averaged over the bond currents of the R and L rings, respectively, and that of the bridge bond current, J B (t). In Fig. 6(a) , for the (b 1 + b 2 ) electronic coherence, J R (t) and J L (t) oscillate with the same phase and J B (t) vanishes. The resultant coherent ring current is generated clockwise or anticlockwise. Effects of dephasing constant are also shown in Fig. 6(a) . Here, two cases with γ b1b2 = 0.01 eV (1/50 fs −1 ) and 0.05 eV (1/10 fs −1 ) are considered. The black line refers to J R (t) (J L (t)) calculated with γ b1b2 = 0.01 eV, while the red broken line refers to that γ b1b2 = 0.05 eV (1/10 fs −1 ). The latter corresponds to the case in which the dephasing width covers the two excited states, b 1 and b 2 . In this case, coherent current appears only during the initial half cycle of oscillations as shown in Fig. 6(a) . This indicates that the information on the initial phase of coherent ring current, which depends on the polarization direction of an applied linearly polarized pulse, 29, 33 may be observed even under such ultrafast dephasing conditions. For the other two cases (b) and (c), γ ab1 = γ ab2 = 0.01 eV are adopted. For a coherent excitation of a and b 1 states, as shown in Fig. 6(b) , J R (t) and J L (t) oscillate with opposite phases. The characteristic feature is that nonzero J B (t) is generated. This feature can also be seen for (a + b 2 ) electronic coherence shown in Fig. 6(c) . J B (t) oscillates with the same phase as that of J R (t) for both (a + b 1 ) and (a + b 2 ) coherences.
It should be noted that there is a difference between the mechanism of a unidirectional π -electron ring current in aromatic molecules with degenerated electronic states, Mg-porphyrin [25] [26] [27] and benzene, 28 and that of a coherent π -electron ring current in a nondegenerate aromatic molecule, (P)-2,2 -biphenol. 33 For the former molecules, selective excitation from the ground to one of the degenerated electronic excited states by a left or right circularly polarized UV laser pulse is the mechanism, i.e., incoherent excitation, while for (P)-2,2 -biphenol, creation of coherence of two nondegenerate electronic excited states by an ultrashort linearly polarized pulse is the mechanism. For example, Nobusada and Yabana 28 have shown by first-order perturbation treatment that the magnitude of a ring current for benzene is proportional to the square of the electric field of the circularly polarized laser pulse. Under intense circularly polarized laser pulse field conditions, Barth and Manz 26 carried out a quantum model simulation of periodic electron circulation for Mg porphyrin in a target degenerate electronic excited state ( α ) with α = + or −. In the electronic wavepacket treatment, the state at time t, (t) is given as
Here, C α (t) is the coefficient of α , and ω α0 is the frequency difference between the excited state and the ground state. The electric current is simply given as This indicates that the current density is proportional to the population of the degenerate electronic excited state and decays exponentially due to population decay after an ultrashort pulse excitation. Effects of pulse excitations are included in C α (t).
D. Coherent ring current-induced magnetic field
We now evaluate the magnetic field induced by a coherent ring current since magnetic flux is a control parameter for switching devices as well as the ring current. [50] [51] [52] There have been several reports on calculations of magnetic fields of molecules in intense laser pulses. [53] [54] [55] The magnetic flux density along the central axis perpendicular to ring K (=L or R) is given in a simple ring loop (SRL) model as
Here, μ 0 = 4π 10 −7 W b A −1 m −1 is the vacuum magnetic permittivity, r (=r ij ) is the radius of the ring, and η(= sin −1 (r/ √ r 2 + h 2 )) is the angle between the Z-axis and a straight line drawn from the point on ring K, that crosses the Z-axis. B K (t, 0) at η = π /2 is the value measured at the center of ring K. For (b 1 + b 2 ) coherent excitation, as shown in Fig. 4(a) , the magnitude of B K (t, 0) at the center of the ring with r = 0.14 nm for J(t) K = 100 μA is 448 mT. The value of B K (t, 0) oscillates with the same phase of J(t) K . It is necessary to check that the value is larger than the value corresponding to magnetic field B Laser induced by the intense laser field E applied when we are interested in the induced magnetic fields at an early time regime of an ultrashort excitation laser pulse. The magnitude of B Laser can be obtained by |B Laser | = |E|/c with c = 3.0 × 10 8 ms −1 .The calculated magnitude of B Laser with |E| = 1.0 GV/m was about 7.5 B K (t, 0), which is the same order as that induced by ring current J = 100 μA. This means that careful examination is necessary to measure current-induced magnetic flux and to use the magnetic device as a control tool during the pulse duration. In other words, the current-induced magnetic field after the laser pulse is over can be used as a control parameter. Furthermore, quasi-degenerate electronic states with a slow dephasing time constant should be selected to observe the coherent ring current-induced magnetic field.
To prove the coherent ring current-induced magnetic field in the SRL model, Fig. 7 shows the behaviors of the ring current-induced magnetic fields for the (b 1 + b 2 ) electronic coherence as a function of height h above the Z-axis at t = t * under the maximum coherence condition, Imρ αβ (t * ) = −1/2. The black curve denotes the h-dependence of the coherent ring current-induced magnetic field in the SRL model, B SRL K (t * , h). For checking the validity of the SRL model, the induced magnetic fields calculated with the coherent ring current density, B K (t * , h), which is beyond the SRL model, are shown as a function of h (red curve in Fig. 7) . The derivation of B K (t, h) is briefly presented in Appendix D. It can be seen from Fig. 7 that the magnitudes of B SRL K (t * , h) are overestimated near the plane of the aromatic ring 0 ≤ h < 1 Å and that the magnitudes are valid for h > 1 Å. At the center of the aromatic-ring plane, we have B K (t * , h = 0) = 0.66B SRL K (t * , h = 0), which was evaluated by using the 2p z Slater AOs. The behavior of B SRL K (t * , h) can be explained by the fact that the current density of π electrons is densely distributed over the aromatic ring. We note that a subtle devia- This originates from the fact that aromatic ring is not a perfect ring.
So far, we have considered a ring current-induced magnetic field of chiral aromatic molecules, in which a pair of two nondegenerate electronic excited states is coherently excited by intense linearly polarized UV pulses. We now briefly discuss a ring current-induced magnetic field for degenerate electronic excited states of an aromatic molecule induced by an intense circularly polarized UV pulse. Yuan and Bandrauk 2 have shown by numerical simulations that circularly polarized attosecond pulses are generated from molecular high-order harmonic generation by ultrashort intense bichromatic circularly and linearly polarized laser pulses. This provides the possibility for circularly polarized attosecond ultraviolet pulses to generate a ring current-induced magnetic field in highly symmetric aromatic molecules. The ring current-induced magnetic field B(t, h) can be calculated on the basis of wave packet treatment as shown in Sec. III C. In the SRL model, we have B SRL (t, h) = μ 0 J (t) 2r sin 3 η. Here, J(t) is the electric current of the degenerated electronic state of interest. Let us now estimate the magnitude of ring currentinduced magnetic field of benzene, which is a typical example of high symmetric aromatic molecules. The electronic spectrum is characterized by the optical allowed transition to the third singlet electronic excited state ( 1 E 1u ) from the ground state. For the equal population between the two states at t = t * , B SRL (t * , 0) = 874 mT was obtained using J(t * ) = 195 μA that was evaluated within the π electron approximation.
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E. Bridge bond current density
From the symmetry consideration of (P)-2,2 -biphenol belonging to the C 2 point group, the value of the bridge bond current for (
does not vanish. In fact, the bridge bond current density can be calculated in terms of the 2p z orbital of the carbon at the site of each ring, R and L, as
, and r R = (0, r ij /2, 0) = − r L . Here, r ij denotes the bridge bond length.
The values of bridge bond current density along the X-,Y-, and Z-directions on YZ-, ZX-, and XY-planes are, respectively, given by
and
In Fig. 8 , the bridge bond current density calculated at the maximum coherence is drawn for the (a + b 1 ) electronic coherence. The direction of the current density flow is perpendicular to the ZX-plane and flows along the Y-axis. The area denoted by positive current indicates that the current flows from the back (L ring) to the front (R ring), while the area denoted by negative current indicates the reverse current flow. The bridge bond current is defined as the integration of all of the areas shown in Fig. 8 . The resultant bridge bond current of FIG. 8 . Contour plot of the bridge bond current density [μA/ Å 2 ] on the perpendicular plane at the bond center, which is calculated at the maximum value for the (a + b 1 ) electronic coherence at t = t * . The region in which the current density flows from the back (L ring) to the front (R ring) is denoted by positive values, while the region in which the current density flows from the front to the back is denoted by negative values.
(P)-2,2 -biphenol has a positive value, which means the current flows in the positive direction along the Y-axis as shown in Fig. 4 . Note that the phase of J B (t) for (a +b 1 ) is the same as that for J L (t) as shown in Fig. 4 . This can be verified by calculation of the bridge bond current as shown in Fig. 8 .
IV. SUMMARY AND CONCLUSION
In this paper, we presented the results of a theoretical study on coherent quantum dynamics of π electrons in (P)-2,2 -biphenol. (P)-2,2 -biphenol is a typical nonplanar chiral aromatic molecule with axial chirality, and a pair of quasidegenerate excited states in the two phenol rings is coherently excited by an ultrashort linearly polarized UV pulse. This results in the generation of coherent two-dimensional angular momentum and resultant ring current on two different molecular planes. An expression for the coherent π -electron angular momentum and that for the ring current are derived by the density matrix method within the Markov approximation. In a previous study, these expressions were used to investigate quantum switching of π electrons by applying linearly polarized UV laser pulses. 33 A coherent ring current along each phenol ring is defined as the average of bond currents. The bond current is given as the electric current through a half plane S perpendicular to the bond at the center, and the expression for bond current is derived within a LCAO MO approximation. Magnitudes of the electric current defined depend on the position of S on the bond. The position-dependence of the electric current was discussed. The electric current through S at the center of the bond gives the maximum magnitude, while for an ex-treme case in which S is defined at the bond site, the electric current gives the minimum magnitude. Results of simulations of electric angular momentum and current quantum beats are presented to demonstrate the time-dependent behaviors of three coherent excited states, (b 1 + b 2 ) ((b 1 − b 2 )) with A symmetry and (a + b 1 ) ((a − b 1 )) and (a + b 2 ) ((a − b 2 )) with B symmetry in the point group C 2 . It was found that the value of the bridge bond current depends on the symmetry of the electronic coherence, i.e., the value vanishes for the electronic coherent state (b 1 + b 2 ) ((b 1 − b 2 )) with A symmetry, while it is nonzero for the two electronic coherence states (a + b 1 ) ((a − b 1 ) ) and (a + b 2 ) ((a − b 2 )) with B symmetry. The initial direction of the coherent ring current for each of the electronic coherence state (a + b 1 ) ((a − b 1 )) and (a + b 2 ) ((a − b 2 )) with B symmetry can be determined by evaluating the corresponding bridge bond current density. The direction of the coherent ring current is parallel to the Xaxis. The direction of the resultant coherent ring current for the electronic coherent state (b 1 +b 2 ) ((b 1 − b 2 )) is, on the other hand, parallel to the Z-axis and its direction changes as the period of the quantum beat frequency, and the direction of the current between two electronic coherences, (b 1 +b 2 ) and (b 1 − b 2 ), is π phase-shifted. The initial phase can be determined by calculation of the phase of bond currents for each electronic coherence. Furthermore, evaluation of the ring current-induced magnetic field indicates the possibility of a control parameter for a two-dimensional ultrafast switching device as well as the ring current itself when dephasing processes are slow. Manipulation of the magnetic order by ultrashort laser pulses has become a fundamental topic for solid physics and quantum computation. 57 Thus, it should become possible to measure ring current-induced magnetic fields of aromatic molecules in the near future. In the present treatment, rigorous consideration of nonadiabatic coupling effects was omitted, though some effects of electron-nuclear interaction are implicitly taken into account by introducing dephasing constants. An explicit dynamical treatment is necessary to quantitatively describe the whole electronic and nuclear dynamics of a real system. 31, 58 In particular, the out-of-plane bending vibration of the two phenol rings is expected to have a significant effect on coherent electronic dynamics. 59 Results of detailed investigation of dephasing effects on coherent ring currents of chiral molecules in condensed phases will be presented elsewhere.
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where n K is the direction of the angular momentum that is a unit vector perpendicular to ring K, and χ i and χ j are AOs at atomic sites i and j, respectively. We adopt Slater AOs for estimation of the integral d 
Let us now introduce new coordinates (X, Y, Z) that are obtained by rotating the coordinates (x, y, z) around r = 0 by angle φ so that r i − r j becomes parallel to the X-axis as is shown in Fig. 9 , cos φ = e x · ( r i − r j )
sin φ = y i − y j r ij ,
where e x is a unit vector along the x-axis and r ij = | r i − r j |. Then, the coordinates R = (X, Y, Z) after φ rotation are 
where r ij = 0.14 nm and a 2 = 2.0/3.25 = 0.615 were used. We now consider a general case in which half-plane S is set at a position between two atomic sites C i and C j as shown in Fig. 12 . Here, the ring consists of six carbon atoms (N = 6). The expression for the current is derived using 2p z Slater AOs as 
APPENDIX C: SELECTIVE GENERATION OF A TWO-ELECTRONIC COHERENT STATE IN A THREE-ELECTRONIC STATE (DERIVATION OF EQ. (15b))
The polarization vector e ± is given in terms of arbitrary linear independent basis vectors for convenience of calculation. Here, choose orthogonal basis vectors like 
